To investigate the supplemental effects of Bacillus subtilis C-3102 on the production, hatching performance, egg quality, serum antioxidant capacity and immune response of laying breeders, a total of 480 Xuefeng black-bone (25-week-old) hens were randomly assigned into four treatment groups: Hens fed the basal diets with 0 (CON), 
| INTRODUC TI ON
Poultry (meat and eggs) is one of the most important animal protein sources for human. With the increasing demand for livestock produces over the past few years, poultry production has also increased significantly (Getachew, 2016; Thornton, 2010) . In order to meet the market demand, antibiotics, including tetracycline, penicillin, amoxicillin and bacitracin, are widely used as an animal growth promoter and as a preventive antimicrobial measure (Castanon, 2007) . However, the extensive use of antibiotics in animal production leads to a variety of problems such as drug-resistant in animal, drug residues in meat and microbiota disturbances (Dhama et al., 2015; Sekirov et al., 2008) .
Therefore, it has become necessary to develop antibiotic alternatives such as probiotics. The World Health Organization defines probiotics as "live micro-organisms which when administered in adequate amounts confer a health benefit on the host" (FAO/WHO, 2001 ).
Xuefeng black-bone chicken was originated from the Xuefeng mountain area in the southwest of Hunan Province and has been bred naturally for a long time. It is not only China's meat and egg-type silky chicken breed, but also a valuable rare bird. In January 2010, Xuefeng black-bone chicken was included in the List of National Livestock and Poultry Genetic Resources Protection in China (Zhao, Fan, Li, & Zhang, 2016) . Bacillus subtilis (BS), a spore-forming probiotic, is metabolically dormant to face extreme environments, such as high or low temperatures, as well as high and low pH (Nicholson, 2002) . Many probiotics, including BS, have been approved as animal diet supplement and are already used in many commercial applications (Cutting, 2011; Griggs & Jacob, 2005) . A growing body of scientific research shows that probiotics have beneficial effects on growth performance and intestinal microbiota balance in chickens (Chen, Gao, Zhu, Qin, & Qiu, 2017) , piglets (Lan, Tran, & Kim, 2017) and aquaculture (Liu, Chiu, Wang, & Cheng, 2012; Niamphithak, Chareonwattanasak, & Doolgindachbaporn, 2017) .
Dietary BS exerts positive effects on production performance, improving the intestinal health and systemic immunity in poultry (Hatab, Elsayed, & Ibrahim, 2016; Lee, Lillehoj, Jang, & Lee, 2014) . B. subtilis C-3102 has been used as a direct-fed microbial or probiotic product since 1986 to improve production performance in broilers worldwide (Silley, 2006) . However, manuscripts about the effects of B. subtilis C-3102 on hatching performance and antioxidant capacity of laying hens are seldom studied; further, its application on laying breeders has rarely been reported. Here, we seeked to identify the effect of B. subtilis C-3102 on production, hatching performance, egg quality, serum antioxidant capacity and immune response of laying breeders to provide a theoretical reference for the scientific use of B. subtilis C-3102 on laying breeders and the promotion of healthy breeding of native chickens.
| MATERIAL S AND ME THODS

| Bacterial stain
The B. subtilis C-3102 final product, Calsporin, was provided by Shanghai Naseco Products Company (Shanghai, China) and is composed of spray-dired spore-forming B. subtilis C-3102 endospores. The product used in our study was determined to contain at least 1 × 10 9 cfu/g of B. subtilis C-3102 and was kept in a sterilized container before use. Council (NRC, 1994) guidelines to meet the nutrients requirements of laying breeders. Diet compositions are shown in Table 1 .
| Birds, diets and experimental design
This feeding experiment was conducted from April to July in 2017 at the original breeding farm of Hunan Songyun Commercial Fowl Company. Hens were housed in an environmentally controlled room. During the experiment, the temperature and relative humidity in the room were 21.24 ± 1.06°C and 67.86% ± 0.78%, respectively.
The hens were allowed a period of 7 days to adapt to the environment. Then, all hens were fed the assigned experimental diets for 56 days. Feed and fresh water were available ad libitum. All the diets were prepared every 2 weeks. Throughout the experiment, hens were exposed to a 16:8 light:dark cycle. The protocol for this study was approved by the Institutional Animal Care and Use Committee of Hunan Agricultural University, Hunan, China.
| Production and hatching performance
Egg production and egg weight were recorded daily by replicate, and feed consumption was recorded weekly by replicate to calculate egg production, feed intake, feed conversion ratio (FCR) and egg mass.
Pedigree roosters were fed at 06:00 a.m., and the semen was collected at 15:00 p.m. The semen of 10 cocks, approximately 2.5 ml, was collected and slowly mixed with the same amount of diluent and then fertilized 35 μl per hen. In order to keep the sperm vigour, the whole process was completed within 15 min. In the last week of the experiment, all qualified hatching eggs were collected and used to determine the hatching performance. The number of eggs laid in the incubator, unfertilized eggs, infertile eggs, dead sperm eggs, dead embryos and the sprout chicks were recorded daily by replicate to calculate the fertility, hatchability and hatchability of fertile eggs.
| Egg quality
Egg quality was measured on four eggs collected randomly from each replicate at 56 days. These eggs were kept at 4°C and analysed within 2 days after collection to determine egg quality indexes. The yolks and albumens were separated manually by a plastic egg separator. The length and width of egg and the width and height of yolk were measured by using an electronic digital calliper (SH14100025, Shenhan, Shanghai, China). The egg-shape index was calculated by dividing egg length by egg width, and the yolk index was calculated by dividing yolk height by yolk width. Yolk colour, albumen height and Haugh unit were measured by using an egg analyser (EA-01;
Orka Food Technology, Ramat HaSharon, Israel). Eggshell thickness was a mean value of measurements at three location on the large end, equatorial region and sharp end of eggs, respectively, using digital micrometer (NFN380; FHK, Japan), and eggshell-breaking strength was measured by an egg force reader (EFR-01; Orka Food Technology).
| Blood sampling
The immunization programme included vaccination against Newcastle disease (day 110, intramuscular injection, 0.3 ml/per hen) and avian influenza disease (days 18, 85 and 210, intramuscular injection, 0.5 ml/per hen). At the end of the experiment, six hens from each group (one hen per replicate) were randomly selected and sampled using 10 ml vacuum tubes from the brachial vein. The blood collection procedure was limited to 2 min or less to minimize the influence of handing stress. Blood samples were placed at room temperature for 1 hr and then centrifuged at 2,500 × g at 4°C for 10 min.
The serum was stored at −80°C for further analysis.
| Serum antioxidant capacity and immune response
Serum samples were individually used to measure the activities of glutathione peroxidase (GSH-Px), total superoxide dismutase (T-SOD), total antioxidant capacity (T-AOC) and concentration of malondialdehyde (MDA) using corresponding diagnostic kits 
| Statistical analyses
All the data were statistically analysed by one-way analysis of variance (ANOVA) procedure of Statistical Analysis System (version 9.2, SAS Institute 2009). This was followed by Tukey's test when significant differences were found (p < 0.05). The significance was defined as p < 0.05. The data were expressed as means with their pooled standard errors. Orthogonal polynomial contrasts were used to determine linear and quadratic responses to dietary B. subtilis C-3102
dosages. Prior to analysis, egg production and yolk percentage were subjected to an arcsine transformation.
| RE SULTS
| Production and hatching performance
Effects of B. subtilis C-3102 on production performance of laying breeders were shown in Table 2 . The addition of B. subtilis C-3102
to laying breeders diets did no affect on the egg production, FCR and egg mass. As B. subtilis C-3102 level increased, the egg weight was linearly and quadratically increased (linear, p < 0.001; quadratic, p = 0.003). Results of hatching performance were shown in 
| Egg quality
As shown in Table 4 , the results of the egg quality of laying breeders revealed that there were no differences in the eggshell-break- 
| Serum antioxidant capacity and immune response
Serum antioxidant capacity of laying breeders was shown in Table 5 .
Among the serum antioxidant indexes, only the activity of GSH-Px was affected (linear, p = 0.024; quadratic, p = 0.078) by diet with BS-1 and BS-3 groups. Immunoglobulin concentrations and antibody levels of laying breeders were reported in 
| D ISCUSS I ON
| Production and hatching performance
Probiotics have been attracting increasing attention as alternative to antibiotics in poultry, which are non-toxic and safe for consumers. Many probiotic products are already used in several commercial applications, and a growing body of scientific research shows that B. subtilis C-3102 is a probiotic product and its use has reportedly led to modulation of the intestinal microflora to inhibit and prevent proliferation of pathogens (Fritts et al., 2000; Hooge, 2007) . Jeong and Kim (2014) reported that supplementation with 300 and 600 mg/kg B. subtilis C-3102 could improve growth performance, nutrient digestibility and noxious gas emission in broilers. Ribeiro et al. (2014) reported that dietary BS at level of 8 × 10 5 cfu/g could significantly improve the egg weight and egg mass of Hyland brown laying hens.
The higher egg weight was observed in the BS-2 and BS-3 groups than that of the control group in this study. However, there were no differences in egg production, FCR and egg mass. This increase could be related to various enzymes such as protease, amylase and cellulase secreted by BS, which can stimulate ovarian development and improve metabolic capacity to some extent. Besides, probiotics are defined as live micro-organisms that contribute to better digestion of feed and enhance animal production performance (Mazanko et al., 2017) . The current results were corroborated by Mikulski, Jankowski, Naczmanski, Mikulska, and Demey (2012). However, other researchers found that dietary BS had minimal or no effects on the production performance of laying hens. Guo, Dong, Liu, and Tong (2016) found that dietary supplementation with BS did not significantly influence on the egg production, egg weight and feed intake of 28-week-old Hy-Line laying hens. Forte et al. (2015) reported that the effects of supplementation with 0.1% Lactobacillus acidophilus and 0.05% BS on the performance of 16-week-old Hy-Line laying hens and found no differences among the different groups. We assumed that the variation in the results of the aforementioned studies can be ascribed to several factors, including the dose of Bacillus species, the age of the animals, feed form, diet composition and hygiene status.
Regarding hatching performance, the results of this study found that a linear increase in fertility and hatchability of laying breeders with increasing B. subtilis C-3102 supplementation. Mazanko et al. (2017) found that egg hatchability of birds was significantly improved by the supplementation of diets with Bacillus species. Wang et al. (2017) reported that dietary supplementation with BS can significantly increased gonadotropin-releasing hormone level. There are few studies on the hatching performance of BS in laying hens. Ghosh, Sinha, and Sahu (2007) supplementation with BS on female livebearing ornamental fish and found that gonadosomatic index (GSI), fecundity and fry production of spawning females increased significantly during their reproductive stages. Therefore, Bacillus species improved hatching performance may be due to the secretion of reproductive hormones (Lei, Li, Yu, Rajput, & Li, 2013; Wang et al., 2017) . As researches on the effects of BS on hatching performance of laying hens are very limited, further study is still necessary to investigate its effect on the animal.
| Egg quality
According to the literature, probiotics affect numerous parameters in hens and eggs. The factors include laying performance, egg quality, intestinal barrier function of laying hens, meat quality, conversion rate of feed and the level of oxidative damage. However, our results revealed no differences in eggshell-breaking strength, egg index, yolk percentage and Haugh unit among the different groups.
Dietary inclusion of B. subtilis C-3102 improved eggshell thickness, but response was not dose-dependent. This result was corroborated by Wang et al. (2017) , who reported that the supplementation of diets with BS could increase eggshell thickness of laying hens. This effect may be associated with the ability of probiotics to decrease pH and improve intestinal barrier function (Abdelqader, Irshaid, & Al-Fataftah, 2013; Resta-Lenert & Barrett, 2003) . Lower pH and intestinal epithelium functions were benefit for the dissolution of calcium and phosphorus to promote absorption and utilization (Li et al., 2006) . A previous study showed that the apparent digestibility coefficient of calcium and phosphorus in diets increased as Bacillus species levels increased (Lin, Guo, Yang, Zheng, & Li, 2004) . Haugh unit and yolk index are important indicators to evaluate the freshness of an egg. Our study found that the Haugh unit was not influenced by feeding with BS diet, whereas yolk index increased in a quadratic manner. Additionally, yolk colour was linearly and quadratically increased with the increase of B. subtilis C-3102 concentrations in the diet, which might be related to the dietary concentration of carotenoids, primarily xanthophylls and their subsequent absorption and deposition into the developing ova by the laying hens (Karadas, Grammenidis, Surai, Acamovic, & Sparks, 2006) . This finding was in agreement with those of Mohan, Kadirvel, Bhaskaran, and Natarajan (1995) , who reported that a slight improvement in yolk colour was observed when hens were supplemented with probiotics during the peak period of laying. However, Zhang, Zhou, Ao, and Kim (2012) reported that no significant variance was found in yolk colour compared with the control group. Similar results were reported by Lei et al. (2013) and Guo et al. (2016) , who observed the effect of probiotic supplementation on yolk colour was unclear. The difference results among the various studies might be due to the different probiotic species, experimental period and environmental conditions.
| Serum antioxidant capacity
Oxidative stress refers to the imbalance of oxidation and antioxidation in the body, and it could produce varieties of reactive oxygen species (ROS) such as hydroxyl free radicals and superoxide anions, which can damage the proteins, nucleic acids and other biological macromolecules, and leading to tissue damage and tissue mitochondrial damage, thus contributing to the development of diseases. With the development of modern intensive farming, chickens are prone to oxidative stress (Salami, Majoka, Saha, Garber, & Gabarrou, 2015) .
Numerous studies found that dietary probiotics in diets were beneficial in oxidation resistance, scavenging ROS and promoting antioxidant capability (Chen, Gong, & Xu, 2013; Singh, Pandey, & Naresh, 2014) . Antioxidant enzymes (SOD, CAT, GSH and GSH-Px) serve as the first line to suppress the oxidative damage. Zhang et al. (2017) reported that activity of SOD, GSH-Px and CAT on serum was significantly improved by the dietary BS in broilers. Rajput et al. (2013) also reported that dietary BS in diets was beneficial to the antioxidant capacity of broiler. In the present study, the supplementation with B. subtilis C-3102 improved the activity of GSH-Px in a linear manner, and there were no differences for the activities of T-SOD, T-AOC and MDA among all groups. The result was consistent with the previous studies of Lei et al. (2013) . Bai et al. (2016) showed that dietary supplementation with BS significantly increased activity of GSH-Px and gene expression in comparison of the control group. The result was in agreement with the results of previous studies in broiler chickens (Capcarova, Weiss, Hrncar, Kolesarova, & Pal, 2010) . Therefore, it is possible to assume that dietary probiotics in diets could enhance the antioxidant capacity of chickens mainly due to its capacity for activating relative gene expression. Besides, it has been proved that the small intestine is the earliest organ damaged in oxidative damage, and its integrity is very important to resist oxidative damage.
Probiotics can improve the small intestinal performance by lowering the pH value, stimulating its intraepithelial lymphocytes and increasing its antioxidant capacity (Bai et al., 2018; Ferket, 2011) . Dietary probiotics in diets have been shown to be beneficial in improving the adverse influence of oxidative stress, thus inhibiting the excess of ROS that may cause cell damage and finally improving the health of the host (Deng et al., 2012) . However, as studies on the effect of BS on antioxidant capacity of laying hens are very little, further study is still needed to investigate its antioxidant capacity.
| Serum immune response
Serum immunoglobulin concentration, as a parameter that reflects the animal humoural immune status, plays an important role in the fight against various infections. To our knowledge, few studies investigated the supplemental effects of BS on serum immune response of laying hens. In the present study, we found that supplementation with BS improved IgM concentration in a linear manner, and there were no differences for IgA and IgG concentrations among all groups. The results were in consistent with the previous studies of Fathi, Ebeid, Al-Homidan, Soliman, and Abou-Emera (2017) , who reported that dietary probiotic supplementation had a positive effect on IgM, while no significant differences on IgA. Wang et al. (2017) reported that Bacillus spp. can improve systemic immunity of laying hens through modulating the specific and non-specific immunity. On the one hand, the increased serum immunoglobulin levels of chickens were due to the immunomodulatory activities of probiotics (Paturi, Phillips, Jones, & Kailasapathy, 2007) . On the other hand, small intestine usually acts as an immune protection barrier in individuals. The body immune status improved by regulating the intestine mucosal cytokines (Patterson & Burkholder, 2003) .
However, some studies found that dietary probiotics in diets showed little beneficial effects on its immune status, and this might be due to the different experimental design and the different time of collection (Mountzouris et al., 2010; Zhang, Xie, et al., 2012) . As for the serum antibody levels of laying breeders, we found that supplementation with B. subtilis C-3102 improved AIV-Ab level in a linear manner, and there were no differences for NDV-Ab level among all groups. El-Baky (2013) reported that dietary probiotic supplementation on broilers could increase the level of AIV-Ab; this finding was in accordance with results obtained by Youn et al. (2012) and Ghafoor, Naseem, Younus, and Nazir (2005) . Sadeghi, Shawrang, and Shakorzadeh (2015) found that the dietary inclusion of a protiobicenzyme mixture had no significant effect on NDV-Ab level. Similar results have been also reported by Balevi, Ucan, Coşun, Kurtoğu, and Cetingül (2001) . However, contrasting reports exist on the probiotics influence over the antibody levels (Molnár et al., 2011) , which found that the NDV-Ab level was significantly improved in the treatments compared with the control group. Therefore, further studies are still required in order to draw any conclusions on the dietary effects of probiotics on the immune response.
| CON CLUS ION
In conclusion, the results demonstrate that supplementation of 9.0 × 10 5 cfu/g B. subtilis C-3102 in laying breeders could significantly improve egg weight, fertility, hatchability, eggshell thickness, yolk index and yolk colour. Additionally, B. subtilis C-3102 can enhance the activity of GSH-Px, the concentration of IgM and the level of AIV-Ab in the serum. In summary, supplementation of B. subtilis C-3102 to laying breeders is non-pathogenic, safe and beneficial.
However, compared to broilers, very little research on antioxidant capacity and immune response is going on laying hens and that of in laying breeders is very limited; further studies are still needed to investigate on laying breeders. 
ACK N OWLED G EM ENTS
